Aims: Lung cancer has a high worldwide morbidity and mortality. The employment of chemopreventive agents is effective to reduce lung cancer. Nuclear factor erythroid 2-related factor 2 (Nrf2) mitigates insults from both exogenous and endogenous sources and thus has been verified as a target for chemoprevention. Curcumin has long been recognized as a chemopreventive agent, but poor bioavailability and weak Nrf2 induction have prohibited clinical application. Thus, we have developed new curcumin derivatives and tested their Nrf2 induction. Results: Based on curcumin, we synthesized curcumin analogs with five carbon linkages and established a structureactivity relationship for Nrf2 induction. Among these derivatives, bis[2-hydroxybenzylidene]acetone (BHBA) was one of the most potent Nrf2 inducers with minimal toxicity and improved pharmacological properties and was thus selected for further investigation. BHBA activated the Nrf2 pathway in the canonical Keap1-Cys151-dependent manner. Furthermore, BHBA was able to protect human lung epithelial cells against sodium arsenite [As(III)]-induced cytotoxicity. More importantly, in an in vivo vinyl carbamate-induced lung cancer model in A/J mice, preadministration of BHBA significantly reduced lung adenocarcinoma, while curcumin failed to show any effects even at high doses. Innovation: The curcumin derivative, BHBA, is a potent inducer of Nrf2. It was demonstrated to protect against As(III) toxicity in lung epithelial cells in an Nrf2-dependent manner. Furthermore, compared with curcumin, BHBA displayed improved chemopreventive activities in a carcinogen-induced lung cancer model. Conclusion: Taken together, our results demonstrate that BHBA, a curcumin analog with improved Nrf2-activating and chemopreventive activities both in vitro and in vivo, could be developed into a chemoprotective pharmacological agent. Antioxid. Redox Signal. 23, 651-664.
Introduction
L ung cancer is the most commonly diagnosed cancer and is the leading cause of cancer-related deaths worldwide. It has long been recognized that employing chemicals (chemopreventive agents) to enhance our body's ability to detoxify or remove carcinogens is an effective approach to reduce cancer incidence (33, 38) . So far, many enzymes, receptors, and signaling pathways have been identified to be potential molecular targets for chemoprevention (29) . Among them, activating the nuclear factor erythroid 2-related factor 2 (Nrf2)-dependent defensive response is a proven means of developing cancer chemopreventive agents (21, 22, 50) . Nrf2 is a transcription factor that mounts cytoprotective responses against both exogenous and endogenous insults. Under normal conditions, Nrf2 is maintained at a low level through Keap1-mediated ubiquitylation and subsequent 26S proteasome-mediated degradation. However, when cells are exposed to electrophiles or oxidants, Nrf2 is stabilized, Nrf2 levels rise, and free Nrf2 translocates into the nucleus, binds to the antioxidant response element (ARE) located in the promoter region of cytoprotective genes, and upregulates their transcription (21) .
The Nrf2 target genes encode proteins with diverse cellular functions and can be divided into three major groups: (i) intracellular redox-balancing proteins, such as glutamatecysteine ligase (both subunits GCLC and GCLM) and heme oxygenase-1 (HO-1) that maintain the cellular redox capacity and eliminate reactive oxygen species (ROS); (ii) phase II detoxifying enzymes, including NAD(P)H: quinone oxidoreductase 1 (NQO1) and glutathione S-transferase (GST), which increase solubility and promote excretion of carcinogenic chemicals; and (iii) transporters, for example, multidrug resistance-associated proteins that facilitate the removal of carcinogens (21) .
The essential role of Nrf2 in chemoprevention has been well documented. For instance, compared with Nrf2 wildtype littermates, Nrf2-null mice had higher incidences of bladder, gastric, intestinal, and skin tumors after mice were exposed to the chemical carcinogens, N-nitrosobutyl(4-hydroxybutyl)amine (19) , benzo(a)pyrene (34) , azoxymethane, and dextran sodium sulfate (26) or 7,12-dimethylbenz(a)anthracene (49) . Therefore, identification and development of chemopreventive compounds that activate the Nrf2-mediated cellular defense system have recently become major research foci of medicinal chemists.
Many compounds have been identified as Nrf2 activators. Several of these compounds are being tested in clinical trials (21, 30) . Curcumin, a yellow-pigmented compound from turmeric (Curcuma longa), is a principal component of curry (Fig. 1A) . In vivo and in vitro studies have demonstrated that curcumin has various bioactivities and potential medicinal applications, including anticancer, anti-inflammatory, antioxidant, immunomodulatory, and neuroprotective properties (6, 16, 17, 23, 39, 43) . Moreover, the chemopreventive potential of curcumin was demonstrated when it was shown to induce phase II detoxifying and antioxidant enzymes, including GST, NQO1, and HO-1 (2, 13, 20) . Although several studies suggest that curcumin activates these ARE-driven transcripts by stimulating the upstream kinase pathways (32, 44) , a growing body of evidence indicates that curcumin induces the Nrf2-mediated cellular defense system by modifying Keap1 (2, 12, 13, 36) .
Although the chemopreventive effects of curcumin have been demonstrated in cell culture systems and animal models, clinical studies indicate that curcumin has very limited therapeutic potential because of its poor bioavailability (1) . Oral ingestion of curcumin results in low plasma and tissue concentration due to poor absorption, quick metabolism, and rapid systemic elimination (1) . Given these limitations, we sought to optimize bioavailability and Nrf2 induction potency while mitigating toxic effects through medicinal chemistry. In the present study, we synthesized a collection of curcumin analogs and performed a structure-activity relationship (SAR) analysis for Nrf2 induction. From these studies, the hydroxy-substituted curcumin derivative, bis [2- hydroxybenzylidene]acetone (BHBA), was chosen to be further evaluated for its chemopreventive activity. Our results demonstrate that BHBA is a canonical Nrf2 inducer that conferred Nrf2-dependent protection against As(III)-induced cell toxicity in a lung epithelial cell line in vitro and significantly suppressed tumor formation in a carcinogen-induced lung cancer model in vivo.
Results

Curcumin weakly activates Nrf2
Using a previously reported cell line where the AREluciferase reporter gene was stably incorporated into MBA-MB 231 cells (11), we tested the ability of curcumin (see Fig.  1A for the structure) to induce Nrf2 transcriptional activity. As shown in Figure 1B , curcumin weakly enhanced luciferase activity in the dose range tested (1.25-80 lM; toxicity was observed at a dose of 25 lM and above). Compared with sulforaphane (SFN) (2.8-fold at 2.5 lM), tert-butylhydroquinone (tBHQ) (3.0-fold at 25 lM), or cinnamaldehyde (CA) (2.5-fold at 10 lM), curcumin is a weak Nrf2 inducer with a maximum of 1.5-fold induction. Similarly, the protein levels of Nrf2 and its downstream genes, NQO1 and GCLM, were enhanced by curcumin, but to a lesser extent than observed by SFN (2.5 lM) (Fig. 1C) . We also measured mRNA levels of Nrf2 and its downstream genes using quantitative real-time reverse transcriptase-polymerase chain reaction (qRT-PCR) (Fig. 1D) . Consistent with the previously defined mechanism of SFN, stabilization of Nrf2 at the protein level, curcumin had no effect on Nrf2 mRNA levels, but induced mRNA levels of NQO1 and GCLM in a dose-dependent manner. These data indicate that curcumin is a weak Nrf2 activator.
SAR analysis of curcumin analogs for Nrf2 induction
To obtain curcumin derivatives with improved Nrf2 induction and pharmacological properties, a series of analogs were synthesized. The seven-carbon chain linking the two aromatic rings in curcumin was shortened to give two 5-carbon (C5) curcumin derivative core structures, 1,5-diphenyl-3-pentanone (DPO) and 1,5-diphenyl-(1E,4E)-pentadien-3-one (DPDEO) (Fig. 2) . Results from the ARE-luciferase reporter gene assay with DPO and DPDEO showed that DPO lost its Nrf2 induction activity, while DPDEO had enhanced activity, indicating that the unsaturated carbon bonds are important for Innovation Bis[2-hydroxybenzylidene]acetone (BHBA) is a novel nuclear factor erythroid 2-related factor 2 (Nrf2) inducer derived from a lead molecule, curcumin. BHBA was found to potently induce the Nrf2 pathway at nontoxic levels. Furthermore, we demonstrated for the first time that BHBA activated the Nrf2 pathway in the canonical Keap1-Cys151-dependent manner. BHBA was also shown to protect normal human lung epithelial Beas-2B cells against sodium arsenite [As(III)]-induced cytotoxicity. Most importantly, in an in vivo vinyl carbamateinduced lung cancer model in A/J mice, preadministration of BHBA significantly attenuated the development of lung adenocarcinoma. Therefore, BHBA is a novel lead toward the development of a chemopreventive agent.
Nrf2 induction (Fig. 2) . Next, we synthesized three series of curcumin C5 analogs based on the structure of DPDEO: trifluoromethyl substituted (A series); hydroxyl substituted (B series); and methyl substituted (C series). The chemical structures and the ARE-luciferase activities of the synthesized curcumin analogs are shown in Figure 2 . The highest dose chosen for each compound was based on 100% survival of cells that were treated with this dose for 16 h. Based on the ability of these compounds to induce ARE-luciferase activity, some interesting conclusions regarding SAR for Nrf2 induction can be drawn: (i) the Michael acceptor groups were essential for inducing ARE-luciferase activity, as seen from the results with DPO and DPDEO; (ii) the positions of substituents on the aromatic rings are associated with their inducing effects, which decreased in the order ortho-substitution > metasubstitution > para-substitution (A1 > A2 > A3; A4 > A5 > A6; and similarly for series B and C; Fig. 2) ; (iii) disubstituted structures are more potent than monosubstituted structures (A1 > A4; A2 > A5; A3 > A6; and similarly for series B and C; Fig. 2) ; and (iv) the Nrf2-inducing effects of substituents decreased with the substitution of trifluoromethyl, methyl, or hydroxyl (A1 > C1 > B1; A4 > C4 > B4; A2 > C2 > B2; Fig. 2 ). Based on these observations, we concluded that A1, B1, and C1 were the curcumin analogs with the strongest Nrf2-inducing activity among the series A, B, and C, respectively.
To further study the mechanism of Nrf2 activation and the chemopreventive potential of these compounds, we selected B1, BHBA. The reasons for choosing BHBA were (i) BHBA potently activated ARE-regulated transcription with fivefold increase of ARE-luciferase activity at 4 lM BHBA with low toxicity (Fig. 2, B1 ) and (ii) the hydroxyl-substituted agents were likely to be superior as chemopreventive agents because of enhanced solubility and reduced toxicity relative to A1 and C1. Next, we performed detailed mechanistic studies and protection analyses with BHBA using both in vitro and in vivo systems.
BHBA activated Nrf2 and its downstream genes in Beas-2B cells
We first evaluated the toxicity of BHBA in Beas-2B cells, a normal lung epithelial cell line, to determine in vitro treatment doses. As shown in Figure 3A , when cells were treated with BHBA for 48 h, there was no significant cell toxicity below 4 lM, but 6 lM or higher was toxic. Therefore, 4 lM or less was chosen for subsequent bioassays. The enhanced cell viability observed at low doses of BHBA is most likely due to the enhanced cell proliferation from Nrf2 induction as a similar phenomenon was also observed with other Nrf2 inducers (46) . Next, a dual-luciferase reporter gene assay was performed to confirm Nrf2 induction by BHBA in Beas-2B cells. As expected, the ARE-luciferase activity was upregulated by BHBA in a dose-dependent manner (Fig. 3B ). Slight induction (1.5-fold) was observed at 0.25 lM and it reached the maximum level (2.5-fold) at 4 lM, indicating that BHBA is more active than the positive control SFN (1.5-fold at 2.5 lM). Similarly, the protein levels of Nrf2 and its downstream genes, NQO1 and GCLM, increased in a dose-dependent manner after exposure of cells to BHBA for 16 h (Fig. 3C) . A time course study of BHBA (2 lM) showed that the Nrf2 protein level increased as early as 4 h, reached the highest level at 16 h, and returned to basal levels by 36 h (Fig. 3D ). To confirm that BHBA-mediated Nrf2 induction is not just limited to Beas-2B, another human lung epithelial cell line, human bronchial epithelial cells (HBE), was treated with BHBA as well. Similar to Nrf2 induction observed in Beas-2B cells, BHBA also induced the Nrf2 signaling pathway in a dose-dependent manner in HBE cells (Fig. 3E) . Next, we measured the mRNA levels of Nrf2, Keap1, NQO1, and GCLM in Beas-2B cells treated with BHBA by qRT-PCR. BHBA did not change Nrf2 and Keap1 mRNA levels, as expected, but increased the levels of NQO1 and GCLM (Fig. 3F ), suggesting that BHBA induced the Nrf2 pathway through upregulation of Nrf2 at the protein level.
BHBA blocked Nrf2 ubiquitylation and activated Nrf2 in a Keap1-Cys151-dependent manner
To investigate the mechanism of Nrf2 activation by BHBA, we first tested the effect of BHBA in modulating Nrf2 ubiquitylation since Nrf2 stability is regulated through ubiquitinmediated proteasomal degradation. As shown in Figure 4A , ubiquitylation analysis indicates that BHBA (4 lM) blocked ubiquitylation of Nrf2 in a manner similar to SFN. Next, we determined the half-life of Nrf2 in the presence or absence of BHBA. The half-life of Nrf2 in untreated cells was 14.9 min and increased to 34.7 min in response to BHBA treatment (4 lM) (Fig. 4B) . Taken together, these results indicate that BHBA activated the Nrf2-mediated defensive response by blocking ubiquitylation and thus enhancing Nrf2 stability.
We have previously reported that Cys151 in Keap1 is specifically required for Nrf2 activation by tBHQ, SFN, and tanshinone I (41, 51) , whereas the induction of Nrf2 by sodium arsenite [As(III)] and monomethylarsonous acid is independent of Keap1-Cys151 (47) . Herein, we investigated whether activation of Nrf2 by BHBA was Cys151 dependent (Fig. 4C) . Beas-2B cells were transfected with Keap1-siRNA to remove endogenous KEAP1 and replaced with either Keap1-WT or Beas-2B cells were left untreated or treated with BHBA (4.0 lM) for 4 h. Cycloheximide (50 lM) was added to block protein synthesis. Cells were lysed at the indicated time point and total cell lysates were subjected to immunoblot analysis using anti-Nrf2 antibodies. The intensity of Nrf2 bands was quantified using Quantity One Software and plotted against the time following cycloheximide treatment. (C) BHBA induced the ARE-luciferase activity in a Keap1-Cys151-dependent manner. Beas-2B cells were transfected with Keap1-siRNA that targeted the 5¢ untranslated region to knock down endogenous Keap1. Concurrently, Keap1 wild-type (Keap1-WT) or Cys151-mutated Keap1 (Keap1-C151S), together with ARE-firefly luciferase and Renilla luciferase, were transfected into these cells, and the cells were exposed to BHBA, SFN, or As(III) for 16 h. ARE-luciferase and TK-luciferase activities were measured and the normalized luciferase activity is shown (left panel). Results are expressed as mean -SD (n = 3), *p < 0.05 treated versus control; # p < 0.05 Keap1-WT versus Keap1-C151S. An aliquot of cell lysates was subjected to immunoblot analysis (right panel). As(III), sodium arsenite; HA, hemagglutinin.
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Keap1-Cys151S through transfection. The cells were exposed to BHBA, SFN, or As(III) for 16 h before measuring luciferase activities. As expected, all compounds enhanced luciferase activities when the cells were transfected with Keap1-WT. In contrast, induction of luciferase activity by BHBA or SFN was blocked in the cells transfected with Keap1-C151S, indicating that BHBA activated Nrf2 in a Keap1-C151-dependent manner similar to SFN. Consistent with our previous report, As(III) was still able to induce luciferase activity in the cells transfected with Keap1-C151S (47) . Next, immunoblot analysis of cell lysates was carried out to confirm the Keap1-C151 dependence. The Nrf2 protein level was upregulated after treatment by all three compounds in the cells ectopically expressing Keap1-WT, whereas only As(III) enhanced the protein level of Nrf2 in the cells transfected with Keap1-C151S (Fig. 4D ).
These results demonstrate that Cys151 in Keap1 is essential for activation of the Nrf2-mediated defensive response by BHBA.
BHBA protected Beas-2B cells against As(III)-induced cytotoxicity
We next evaluated the protection conferred by BHBA against As(III)-induced cytotoxicity. Beas-2B cells were cotreated with 40 lM As(III) and several doses of BHBA that ranged from 0.25 to 4 lM for 48 h. As shown in Figure 5A , cotreatment with 1.0 lM BHBA exhibited the strongest capacity of countering the As(III)-induced toxicity. It is noted that 2 lM BHBA alone was effective in inducing Nrf2, and treatment of cells with 2 lM BHBA alone showed no toxicity (Fig. 3A, B) . However, 1 lM BHBA offered better protection compared with 2 lM BHBA in cells cotreated with BHBA and As(III) as judged by cell viability (Fig. 5A) . This is likely due to the added toxicity of both BHBA (off-target toxicity) and As(III). Therefore, 1.0 lM BHBA was chosen for the subsequent in vitro protection assays.
Next, as an indication of activation of the Nrf2-mediated protective response in cells, we measured glutathione (GSH) and ROS levels. BHBA significantly enhanced the reduced GSH levels in a dose-dependent manner much more effectively than SFN (Fig. 5B) . In addition, treatment with 40 lM As(III) alone increased the intracellular level of ROS significantly, which was reverted by cotreatment with 1.0 lM BHBA, while this dose of BHBA alone had no effect on ROS levels (Fig. 5C ). These results indicate that BHBA is able to enhance intracellular redox capacity and inhibit As(III)-induced oxidative stress. Finally, we evaluated the protective effect of BHBA against As(III)-induced cytotoxicity and the dependence of this protection on Nrf2 induction in Beas-2B cells (Fig. 5D) . Cotreatment with BHBA (1.0 lM) and the indicated doses of As(III) significantly improved the survival of Beas-2B cells compared with As(III) treatment alone (Fig. 5D) . However, this BHBA-mediated protection was lost in cells transfected with Nrf2-siRNA (Fig. 5D) . Immunoblot analysis supported the effectiveness of Nrf2-siRNA on silencing Nrf2 expression (Fig. 5D, insert) . To confirm the protective role of BHBA, the same experiment was performed in HBE cells and similar results were observed (Fig. 5E ). These data suggest that BHBA protected lung epithelial cells against As(III)-induced toxicity in an Nrf2-dependent manner.
BHBA inhibited the development of lung adenocarcinoma in A/J mice A/J mice spontaneously develop lung adenocarcinoma at 2 years of age, but carcinogens, including vinyl carbamate, accelerate the development of tumors, which can usually be detected 16 weeks after vinyl carbamate injections. Therefore, a vinyl carbamate-induced lung cancer model in A/J mice was chosen for evaluation of the chemopreventive potential of BHBA. First, the ability of BHBA to activate Nrf2 in the lungs of A/J mice was measured. Two intraperitoneal injections of BHBA over a 3-day period activated the Nrf2 pathway, as demonstrated by the fact that the protein levels of Nrf2, NQO1, and AKR1C1 increased in the lung tissues (Fig.  6A ). For the in vivo chemoprevention assay, the mice were injected with BHBA or corn oil seven times over a 2-week period. Vinyl carbamate was injected intraperitoneally (i.p.) twice, at the end of the first and second week after the beginning of BHBA treatment. Mice were sacrificed 16 weeks after the second injection of vinyl carbamate, and the lungs were isolated for further analysis (Fig. 6B) . During the course of this study, BHBA was found to have no effect on body weight since the corn oil-treated and the BHBA-treated mice had similar body weights (Fig. 6C) . However, a decrease in the weight of the isolated lungs from the BHBA-treated group was observed (Fig. 6D) . The lungs were fixed in 10% neutral formalin and visible lung surface tumors were counted. As shown in Figure 6E , the BHBA-treated A/J mice had *50% fewer lung surface tumors than the corn oil-treated group (Fig. 6E ). More importantly, the administration of curcumin at either low (50 mg/kg) or high (200 mg/kg) dose did not decrease the external lung tumors (Fig. 6E) . For microscopic counting of internal tumors, lung tissue sections were hematoxylin and eosin (H&E) stained to reveal separated nodule-like morphology (Fig. 6F, left panel) . The number of tumors in one comparable-sized section was counted under a microscope. Consistent with the surface tumor number, BHBA treatment reduced the internal tumor number to nearly 50% compared with the corn oil control (Fig. 6F, right panel) . It has been previously reported that vinyl carbamate-induced lung tumors contain a high frequency of K-Ras-activating mutations (31) . Therefore, an immunoblot analysis was performed to detect activation of the K-Ras signaling pathway. Although the protein level of K-Ras or total extracellular signal-regulated kinases (ERK) was the same between the two groups, phosphorylated ERK was higher in the control group (Fig. 6G) , indicating the suppression of K-Ras activation by BHBA treatment. Next, activation of the Nrf2 signaling pathway was measured in lung tissues. We did not anticipate an elevated level of Nrf2 in BHBA-treated groups since the lungs were harvested 16 weeks after BHBA injection. In contrast, we thought the untreated tumors might have elevated Nrf2 levels because we recently found that oncogenic activation of K-Ras transcriptionally upregulates Nrf2 (40) . As shown in Figure 6I , there were higher levels of Nrf2, AKR1C1, AKR1B10, NQO1, and GCLM in the lung tissues from the corn oil-treated group than in the BHBAtreated group. Immunohistochemistry (IHC) analysis, using several consecutive lung tissue sections, also verified that the higher expression of Nrf2, NQO1, AKR1B10, GCLM, and AKR1C1 was mainly within the tumor regions (Fig. 6H) . The expression level of these proteins was similar in normal lung tissues from different groups (data not shown). Taken together, these results demonstrate that BHBA significantly inhibited K-Ras activation and the development of lung adenocarcinoma in vinyl carbamate-induced A/J mice.
Discussion
Curcumin, a polyphenolic compound extracted from the food spice, turmeric, has long been recognized to have antitumor activity. In phase II human clinical trials, oral administration of 4 g of curcumin per day for 30 days reduced aberrant crypt foci (ACF) by 40% in a nonrandomized clinical trial in 44 eligible smokers with ACF (4). However, the use of curcumin as a cancer preventive agent is significantly limited by its poor systemic bioavailability (1) . For example, the minimum effective doses are ‡10 lM for cell-based assays and ‡50 mg/kg/day via oral administration for rat models (12, 42) . Therefore, many researchers have sought to make curcumin analogs with better bioavailability through improved absorption, rapid systemic distribution, and reduced metabolism with the goal of enhancing its antitumor potency.
Curcumin has been shown to exert its anti-inflammatory and anticancer effects through modulation of many important target proteins, including cyclooxygenase-2, NF-jB, and cyclin D1 (4, 14, 15, 27) . Recent studies indicate that these activities may also derive from activation of the Nrf2 defense response (2, 12, 24, 42) . In the present study, we confirmed that curcumin is a weak Nrf2 activator (Fig. 1) . To improve on this activity, we developed a series of curcumin analogs and tested these compounds in a series of in vitro and in vivo assays. Two curcumin analogs, DPO and DPDEO, with a C5 linker were subjected to an ARE-luciferase assay to evaluate their ability to induce Nrf2 (Fig. 2) . Bioactivity results obtained with DPO and DPDEO indicated that the a, b-unsaturated ketone moiety was an essential pharmacophore for Nrf2 induction, supporting the notion that Nrf2 activation by curcumin is most likely through the electrophilic modification of one of the reactive cysteine residues in Keap1. We then performed a detailed SAR analysis of these DPDEO C5 curcumin analogs and selected BHBA as a representative for further mechanistic studies and chemoprevention analyses in cell culture and in a murine lung cancer model.
Our results indicate that BHBA is able to activate the Nrf2 pathway at nontoxic concentrations in Beas-2B cells more potently than curcumin (Figs. 1 and 3) , and our findings confirmed the published result that BHBA upregulated The average weight of the lungs in the BHBAtreated group was less than that in the control group. At the end of 16 weeks, the mice were sacrificed and the lungs were isolated and weighed. *p < 0.05 VC versus VC + BHBA. (E) The number of surface tumors decreased in the BHBA-treated group. Lung tissues were fixed by 10% neutral formalin, and the surface tumors were counted. *p < 0.05 BHBA versus control. (F) BHBA reduced the number of tumors. Fixed lung tissue sections were subjected to H&E staining and the total number of tumors in the largest section was counted under a microscope. (G) BHBA suppressed activation of the K-Ras pathway. Tissue lysates were subjected to immunoblotting with K-Ras, total ERK (t-ERK), and phosphorylated ERK (p-ERK) antibodies. *p < 0.05 BHBA versus control. (H) The tumor region expressed higher levels of Nrf2, AKR1C1, AKR1B10, NQO1, or GCLM. Several consecutive fixed lung tissue sections were subjected to IHC analysis with the indicated antibodies. The images were taken under 40· magnification. (I) The protein levels of Nrf2 and its target genes were significantly reduced in lung tissues from the BHBA-treated group. Tissue lysates were subjected to immunoblotting with antibodies against Nrf2, AKR1C1, AKR1B10, NQO1, or GCLM. *p < 0.05 BHBA versus control. ERK, extracellular signal-regulated kinases; H&E, hematoxylin and eosin; IHC, immunohistochemistry; i.p. intraperitoneally. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars NQO1 enzyme activity in murine leukemia cells in the submicromolar range (8) (9) (10) (Fig. 3C) . In addition, we were able to experimentally confirm that BHBA activated NQO1 enzyme activity through upregulation of Nrf2, which was hypothesized in the previous report, but not verified (8) . Similar to SFN and tBHQ, BHBA is a canonical Nrf2 activator that induced Nrf2 in a Keap1-Cys151-dependent manner (Fig. 4) . Furthermore, we showed that BHBA blocked ubiquitylation and degradation of Nrf2, thus upregulating the protein level rather than the mRNA level of Nrf2 (Fig. 4) . We further investigated if this newly identified canonical Nrf2 inducer is able to be used as a chemopreventive compound to protect cells and tissues against carcinogenic insults using two preclinical lung cancer models: As(III)-induced cytotoxicity in human lung epithelial cells and a carcinogen-induced lung tumor model in A/J mice.
Cigarette smoke has been well documented as the leading cause of lung cancer worldwide, but the widespread environmental contaminant, arsenic, has also been defined as a human carcinogen. Epidemiological studies indicate that arsenic exposure causes many human diseases, including cancer, primarily in the lung, skin, and bladder (3, 5, 28, 45) . Hence, we used an As(III)-induced human lung epithelial Beas-2B cell damage model to evaluate the cytoprotective effect of BHBA. Since As(III)-induced depletion of reduced glutathione and thus generation of ROS is directly involved in damage of DNA, lipids, and proteins and plays important roles in cytotoxicity and carcinogenicity of As(III) (7, 37), we measured the levels of glutathione and ROS and found that BHBA treatment enhanced GSH levels and reduced As(III)-induced ROS levels (Fig. 5) . Furthermore, cotreatment with BHBA improved cell survival in response to As (III), which was abolished when Nrf2 expression was silenced by Nrf2-siRNA (Fig. 5) . Thus, BHBA-mediated protection against As(III) is Nrf2 dependent.
The chemopreventive potential of BHBA was evaluated using a vinyl carbamate-induced lung tumor model in A/J mice. We first established that an intraperitoneal injection of BHBA (20 mg/kg) was able to activate the Nrf2-mediated response in lung tissues (Fig. 6 ). More significantly, 20 mg/kg BHBA reduced the tumor number to 50%, while curcumin at 50 and 200 mg/kg showed no tumor reduction. To establish a proper chemopreventive protocol, we considered recent findings indicating the dark side of Nrf2 in cancer, that is, cancer-promoting activities of Nrf2 (18, 25, 48) . It was revealed that Nrf2 promotes tumor growth when tumors have been initiated (35) . To avoid this possibility, in our study, the pretreatment of BHBA only lasted for 2 weeks with seven injections and stopped as soon as the second injection of vinyl carbamate started. The rationale for this protocol is that pretreatment of BHBA for 2 weeks should upregulate Nrf2 target genes, including phase II detoxifying enzymes, redoxbalancing proteins, and transporters. Together, these enzymes or proteins are ready to detoxify vinyl carbamate, diminish its ability to transform cells, and thus block the initiation of lung carcinogenesis. Another important observation is that the BHBA-treated group showed lower levels of Nrf2 and its downstream genes at the end of the experiment (Fig. 6 ). This is because the mice were sacrificed 16 weeks after BHBA injection and BHBA ceased to induce the Nrf2 pathway 2 days after the last injection. Furthermore, our results demonstrated that the K-Ras-Erk pathway was activated in vinyl carbamate-induced lung tumors (Fig. 6) , which is consistent with the previous finding, demonstrating high incidence of K-Ras mutation in vinyl carbamate-induced lung tumors (31) , along with our recent finding that oncogenic activation of the K-Ras pathway transcriptionally upregulated Nrf2 through a TPA response element, which then resulted in high expression of Nrf2 and its target genes and promoted tumor progression (40) . In this study, BHBA was found to suppress K-Ras activation and tumor initiation, thus reducing the K-Ras-induced transcriptional upregulation of Nrf2 and suppressing expression of Nrf2 target genes (Fig. 6) .
In this study, we performed an in-depth SAR analysis of curcumin analogs for their Nrf2-activating potential in an attempt to identify a curcumin derivative with improved activity and bioavailability for chemoprevention. BHBA was the best compound, considering both the potency in Nrf2 induction and the cytotoxic effects, and therefore was selected for detailed characterization. To our knowledge, this is the first study showing BHBA as an Nrf2 inducer that activates the Nrf2 signaling pathway in a canonical Keap1-Cys151-dependent manner. Similar to other canonical Nrf2 inducers, BHBA protects lung epithelial cells against arsenic toxicity. More importantly, BHBA was studied in vivo for the first time here. Using A/J mice, we demonstrated the ability of i.p. administered BHBA to induce NRF2 and to protect against lung tumorigenesis. Therefore, BHBA has chemopreventive potential to protect against carcinogenesis via activation of the Nrf2-mediated cellular defense system. Based on these promising results, a detailed pharmacokinetic and pharmacodynamic analysis of BHBA is warranted.
Materials and Methods
Chemicals
SFN, tBHQ, CA, and NaAsO 2 [As(III)] were purchased from Sigma (St. Louis, MO). Vinyl carbamate (purity >99%) was purchased from Toronto Research Chemicals (North York, ON, Canada). Curcumin analogs were designed and synthesized by our laboratories.
Cell culture
Human breast cancer MDA-MB-231 cells and normal human lung epithelial Beas-2B and HBE cells were purchased from American Type Culture Collection (Manassas, VA). MDA-MB-231 cells were maintained in Eagle's minimal essential medium supplemented with 10% fetal bovine serum, 2 mM HEPES, and 6 ng/ml insulin. Beas-2B cells were cultured in Ham's F-12 medium supplemented with 2.0 mg/ml insulin, 10 lg/ml epidermal growth factor, 2.5 mg/ ml transferrin, 0.05 mM dexamethasone, 10 lg/ml cholera toxin, and 6.0 mg/ml endothelial cell growth supplement. All cells were incubated at 37°C in a humidified incubator containing 5% CO 2 .
Cell viability assay
Cell viability was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Beas-2B cells (2.0 · 10 4 cells/well) were seeded in a 96-well plate and treated with the indicated dose of each compound for the indicated time period. After addition of 20 ll MTT (2.0 mg/ml) solution, the cells were incubated at 37°C for 3 h, and the cell viability was determined by measuring the absorbance at 570 nm on a Synergy 2 plate reader (BioTeK, Winooski, VT).
Luciferase reporter gene assay
A stable ARE-luciferase reporter cell line previously established in our laboratory, MDA-MB-231-ARE-Luc, was used for measurement of Nrf2 induction by curcumin and its analogs (11) . The cells were treated with several doses of each compound for 16 h, and the luciferase activity was measured. For the dual-luciferase reporter gene assay, Beas-2B cells were transfected with expression plasmids for both an ARE-firefly luciferase and a TK-Renilla luciferase. At 36 h post-transfection, the transfected cells were treated with compounds for an additional 16 h, and then firefly and Renilla luciferase activities were measured by the dualluciferase reporter gene assay system (Promega, Madison, WI). Firefly luciferase activity was normalized to Renilla luciferase activity.
Antibodies and immunoblot analysis
The antibodies for Nrf2, Keap1, NQO1, GCLM, lamin A, and a-tubulin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Cells were lysed in a sample buffer (50 mM Tris-HCl [pH 6.8], 2% sodium dodecyl sulfate [SDS], 10% glycerol, 100 mM dithiothreitol, 0.1% bromophenol blue). After denaturation and sonication, cell lysates were fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subjected to immunoblot analysis.
Ubiquitylation assay and protein half-life measurement
For the ubiquitylation assay, cells were transfected with expression vectors for hemagglutinin (HA)-ubiquitin, Nrf2, and Keap1. The transfected cells were either left untreated or treated with compounds along with 10 lM MG132 (Sigma) for 4 h. Cells were lysed with a buffer containing 2% SDS, 150 mM NaCl, 10 mM Tris-HCl, and 1 mM DTT. After fivefold dilution of the cell lysates with the buffer lacking SDS, protein A beads (Invitrogen, Carlsbad, CA), anti-Nrf2, and anti-IgG antibodies were added to allow binding overnight at 4°C. Immunoprecipitated proteins were subjected to immunoblot analysis with a ubiquitin antibody. To measure the half-life of Nrf2, cells were either treated or untreated for 4 h. Cycloheximide (10 lM) was added to block protein synthesis. Total cell lysates were collected at desired time points and subjected to immunoblot analysis with anti-Nrf2 antibodies. The relative intensity of the bands was quantified by the ChemiDoc CRS gel documentation system and Quantity One software (Bio-Rad, Hercules, CA). The intensity versus time point was plotted on a semilog scale.
Quantitative real-time reverse transcriptase-polymerase chain reaction
Total mRNA was extracted from cells using TRI Reagent (Sigma), and equal amounts of RNA (1 lg) were reverse transcribed to cDNA using the Transcriptor First Strand cDNA Synthesis Kit (Roche, Indianapolis, IN). Primers were synthesized by Sigma and the sequences are as follows: hNrf2, forward (ACACGGTCCACAGCTCATC) and reverse (TGTCAATCAAATCCATGTCCTG); hKeap1, forward (ACCACAACAGTGTGGAGAGGT) and reverse (CGATCC TTCGTGTCAGCAT); hNQO1, forward (ATGTATGACAAA GGACCCTTCC) and reverse (TCCCTTGCAGAGAGTAC ATGG); hGCLM, forward (GACAAAACACAGTTGGAAC AGC) and reverse (CAGTCAAATCTGGTGGCATC); and hbactin, forward (CCAACCGCGAGAAGATGA) and reverse (CCAGAGGCGTACAGGGATAG).
Taqman probes were purchased from the Roche Universal Probe Library: hNrf2 (#70), hKeap1 (#49), hNQO1 (#87), hGCLM (#18), hb-actin (#64). Duplicate reactions were performed for each sample. The quantitative real-time PCR condition was one cycle of initial denaturation (95°C for 4 min), 45 cycles of amplification (95°C for 10 s and 60°C for 30 s), and a cooling period (40°C for 30 s) . The data presented are relative mRNA levels normalized to b-actin, and the value from the untreated group was set as 1.
Glutathione assay and ROS detection
Intracellular reduced glutathione concentration was measured using the QuantiChrom glutathione assay kit from BioAssay Systems (Hayward, CA). Beas-2B cells were treated with the indicated doses of BHBA or SFN (2.5 lM) for 24 h. All procedures were carried out according to the manufacturer's instructions. Samples were run in triplicate for each experiment, and the value from the untreated group was set as 1. The data represent the mean -standard deviation (SD) of three independent experiments. For ROS analysis, Beas-2B cells were left untreated or pretreated with BHBA (1 lM) for 24 h, then left untreated or treated with As(III) (40 lM) for an additional 24 h. Cells were washed with phosphate-buffered saline (PBS) and the fresh medium containing 2¢,7¢-dichlorodihydrofluorescein diacetate (10 lg/ml final concentration; Sigma) was added. Cells were incubated for 30 min at 37°C, trypsinized, and resuspended in PBS to *10 6 cells/ml. Fluorescence was measured by flow cytometry with excitation at 488 nm and emission at 520 nm. The experiments were repeated thrice, with triplicate samples in each experiment, and data are expressed as mean -SD.
Animal study
Female A/J mice, 7 weeks of age, were obtained from the Jackson Laboratory (Bar Harbor, ME). The mice were acclimatized to laboratory conditions for 1 week before use. First, a pilot experiment was conducted to determine the dose range of BHBA on Nrf2 induction in the lungs of A/J mice. Six mice were randomly divided into three groups (n = 2), which were injected i.p. with corn oil, SFN (12.5 mg/kg body weight), or BHBA (20 mg/kg body weight) twice over a 3-day period. The lungs were harvested 2 days after the last injection, and lung tissue lysates were subjected to immunoblot analysis with antibodies against Nrf2, AKR1C1, or NQO1. Next, 20 mice were randomly divided into 2 groups (n = 10) and were injected i.p. with corn oil or BHBA (20 mg/ kg body weight) every other day for 2 weeks. At the end of the first and second week, both groups were injected i.p. with vinyl carbamate (0.32 mg/mouse in 0.1 ml isotonic saline). Mice were monitored for body weight every 4 weeks during a period of 16 weeks. At the end of the experiment, the mice were sacrificed and the lungs were isolated and weighed. The lungs were then fixed in 10% neutral formalin, and the number of tumors on lung surfaces was counted. The fixed lung tissues were paraffin embedded, and tissue sections were subjected to H&E staining and IHC analysis. The number of tumors in a comparable section of the whole lung was counted under a microscope at low power.
Statistical analysis
Results are expressed as mean -SD. Statistical tests were performed using SPSS 10.0. The ANOVA test with Bonferroni correction was applied to compare the means of three or more groups. Unpaired Student's t-tests were used to compare the means of two groups. p < 0.05 was considered to be significant.
